The mechanisms of steroid and peptide hormone action in human breast cancer are poorly understood. We have previously characterized a cell line of human breast cancer in long-term tissue culture that possesses various steroid hormone receptors and responses, providing a model for the study of steroid hormone action. The present studies describe a human breast cancer in vitro that responds to physiologic concentrations of insulin with an increased rate of macromolecular synthesis and growth. Thymidine and uridine incorporation in cells in serum-free medium are stimulated by 10-11 M insulin and are maximal with 10-8 M. Leucine incorporation is stimulated by 5 X 10-11 M insulin and is maximal with 10-9 M. Significant stimulation of uridine and leucine incorporation is evident by 3 hr and maximal by 10 hr. A 10-hr lag period exists for insulin stimulation of thymidine incorporation, which is maximal from 14 to 24 hr. The effect of 10-8 M insulin on macromolecular synthesis is accompanied by a 69% increase above controls in the number of cells after 24 hr. The effect on macromolecular synthesis is observed in glucose-free medium. Insulin's effect on protein synthesis is not blocked by inhibition of RNA synthesis with actinomycin D. Glucocorticoids partially inhibit the action of insulin in these cells. This system provides a model for studying insulin action, and suggests that some human breast cancer may show growth regulation by insulin. We have recently characterized a model system for the study of steroid hormone action using human breast cancer cells maintained in long-term tissue culture (1, 2). One cell line in particular, MCF-7, possesses specific high affinity receptors for estradiol, progesterone, androgens, and glucocorticoids (1-4). In addition, these cells respond to estrogen and androgen with an increased rate of DNA, RNA, and protein synthesis, while inhibition of macromolecular synthesis is observed with glucocorticoids and the antiestrogen, Tamoxifen (ICI 46474) (1-3).
in serum-free medium are stimulated by 10-11 M insulin and are maximal with 10-8 M. Leucine incorporation is stimulated by 5 X 10-11 M insulin and is maximal with 10-9 M. Significant stimulation of uridine and leucine incorporation is evident by 3 hr and maximal by 10 hr. A 10-hr lag period exists for insulin stimulation of thymidine incorporation, which is maximal from 14 to 24 hr. The effect of 10-8 M insulin on macromolecular synthesis is accompanied by a 69% increase above controls in the number of cells after 24 hr. The effect on macromolecular synthesis is observed in glucose-free medium. Insulin's effect on protein synthesis is not blocked by inhibition of RNA synthesis with actinomycin D. Glucocorticoids partially inhibit the action of insulin in these cells. This system provides a model for studying insulin action, and suggests that some human breast cancer may show growth regulation by insulin. We have recently characterized a model system for the study of steroid hormone action using human breast cancer cells maintained in long-term tissue culture (1, 2) . One cell line in particular, MCF-7, possesses specific high affinity receptors for estradiol, progesterone, androgens, and glucocorticoids (1) (2) (3) (4) . In addition, these cells respond to estrogen and androgen with an increased rate of DNA, RNA, and protein synthesis, while inhibition of macromolecular synthesis is observed with glucocorticoids and the antiestrogen, Tamoxifen (ICI 46474) (1) (2) (3) .
The effect of peptide hormones on these cells is unknown. However, insulin is known to influence mammary gland growth and development in human (5) and rodent glands in organ culture (6) , and other studies suggest that insulin regulates proliferation of rat mammary carcinomata induced by the carcinogen dimethylbenz[a]anthracene (7, 8) .
In the present study we demonstrate that the MCF-7 cell line is responsive to physiologic concentrations of insulin and propose that this cell line provides a provocative model for the study of [I4C]Thymidine (0.25 jiCi/ml) and [3H]uridine (5 (Fig. 1) . Similarly, the rate of leucine incorporation was also sensitive to insulin (Fig. 1 ). An increase was observed with 5 X 10-11 M insulin, and a maximal effect with 10-9 to 10-8 M. Thus, DNA, RNA, and protein synthesis in these cells were responsive to concentrations of insulin below the normal human fasting blood level (about 10-10 M). These effects are not observed in the presence of serum, and insulin cannot replace serum for long-term maintenance. The nature of these additional serum factors required for maintaining growth is not known.
Insulin's effect on macromolecular synthesis proceeded in an ordered manner. The effect of insulin on leucine (Fig. 2) and uridine incorporation was more rapid than that on thymidine incorporation (Fig 3) . An increase in the rate of leucine incorporation was seen by 0.5 hr of incubation with 10-8 M insulin (Fig. 2B) , while there was a 10-hr lag period in the stimulation of thymidine incorporation (Fig. 3) . Maximal stimulation of both leucine and uridine incorporation was evident at 10 hr ( Figs. 2A and 3, respectively) , while the maximum for thymidine incorporation was not apparent until 14 hr. Insulin also produced an increase in the thymidine acid-soluble pool by 2 hr prior to the onset of its effect on thymidine incorporation (data not shown). We do not know whether this effect on the acid-soluble pool reflects stimulation of transport into the cell.
This stimulation of macromolecular synthesis by insulin was accompanied by stimulation of growth of the MCF-7 breast cancer cells (Fig. 4) (12) .
To investigate the effect of glucose availability on the ability of insulin to promote the synthesis of macromolecules, we exCell Biology: Osborne et al. amined the rates of leucine and thymidine incorporation in MCF-7 cells in glucose-free medium as shown in Fig. 5 . The rate of thymidine incorporation was significantly stimulated (about 2-fold) by insulin after 24 hr in cells incubated with and without glucose, although absolute unstimulated rates of incorporation were about 30-40% lower in cells incubated without glucose. The curves for leucine incorporation in cells with and without glucose were similar throughout the time course and revealed a 50-60% increase above controls after 24 hr. Absolute unstimulated rates of leucine incorporation were about 20% lower in cells incubated without glucose. Nevertheless, stimulation of macromolecular synthesis by insulin in these cells cannot be the result of enhanced glucose availability.
We have previously shown that the MCF-7 cells have glucocorticoid receptors and that glucocorticoids inhibit DNA synthesis and growth (3). Fig. 6 demonstrates that dexameth- asone also inhibited the effect of insulin on DNA and protein synthesis in these cells. It is interesting to note, however, that dexamethasone alone had no effect on leucine incorporation, while the rate of thymidine incorporation was inhibited below control.
DISCUSSION
The mechanism of action of insulin and its interaction with other hormones in target tissues are poorly understood. Binding to the cell membrane is thought to be the first step in insulin action (13) , followed by stimulation of an unknown effector system which in turn stimulates a variety of cell metabolic pathways. Since other peptide and steroid hormones may influence or modulate these same pathways, it is obvious that one must consider these complex interrelationships in studying the mechanisms of action of any of these hormones. The availability of cloned cell lines maintained in long-term tissue culture has facilitated the study of hormone action in a single population of cells, in defined chemical medium, and easily controlled environment. MCF-7 cells, a cell line of human breast cancer in long-term tissue culture, has proven to be a valuable system for the study of a variety of steroid hormones because of the presence of specific receptors for and biological responses to several of these hormones (14) . The present study demonstrates that these cells also respond to insulin at physiologic concentrations (10-10 to 10-8 M) with an increased rate of macromolecular synthesis and growth, and suggests that the MCF-7 cell line may also be a useful model for the study of insulin action and of growth control mechanisms in human breast cancer.
Insulin, in addition to glucocorticoids, prolactin, estrogen, and probably other hormones, has long been known to be essential for the growth and differentiation of normal mammary tissue (5, 6, 14) and perhaps neoplastic mammary tissue as well (7, 8) . However, in most of these studies, short-term organ explant cultures were used that potentially contain nonepithelial as well as epithelial cells. Supraphysiologic concentrations of insulin were invariably used. Cloned cells in long-term tissue culture such as the MCF-7 line avoid these potential artifacts. Moreover, these cells are exquisitely sensitive to insulin, suggesting that the observed effects are indeed the result of insulin interaction with its own specific high affinity receptor and not the result of high concentrations of insulin stimulating growth through another related growth-peptide receptor such as that for nonsuppressible insulin-like activity or somatomedin. This is substantiated by our more recent characterization of a specific high affinity insulin receptor in the MCF-7 and other human breast cancer cell lines in long-term tissue culture (15) , and by the fact that DNA synthesis and growth in the MCF-7 cells are 100 times less sensitive to multiplication-stimulating activity (16) than to insulin (unpublished observation).
The mechanisms by which insulin stimulates macromolecular synthesis in MCF-7 cells are unknown. Although the effect of insulin on transport of nucleotide precursors is controversial, the small increase in thymidine pool size observed here suggests that increased thymidine transport might account for part of the insulin effect on the rate of incorporation. However, inhibition of nucleoside or nucleotide exit from the cell could also augment the acid-soluble pool size. Preliminary evidence in our laboratory suggests that insulin stimulates thymidine kinase, which converts thymidine to thymidine monophosphate, which is impermeable to the cell membrane, and is, therefore, trapped. The increased rate of protein synthesis observed in the MCF-7 cells appears to be largely an effect of insulin distal to transcription. Insulin has been shown to increase the transport of several amino acids with apparently some selectivity depending on the tissue and method of study (12, 17) . However, other evidence suggests that the primary stimulation of protein synthesis by insulin occurs at a site other than membrane transport, perhaps at the level of the ribosome (12, 18) . Moreover, in the present study insulin required less than 30 min to stimulate protein synthesis, and the effect was not prevented by blocking RNA synthesis, suggesting a post-transcriptional action.
Stimulation of macromolecular synthesis by insulin is clearly not the result of nonspecific stimulation of cell metabolism by enhanced glucose availability. In the present work no difference in stimulation of thymidine or leucine incorporation was observed between cells incubated with and in the absence of glucose, a result consistently observed by others (12, 19, 20) .
The present studies also suggest that the effects of insulin in the MCF-7 cells are modified by glucocorticoids. The data suggest that the inhibition of insulin's effect on protein synthesis by dexamethasone in these cells does not simply represent the sum of two opposing forces, since no effect of dexamethasone alone on leucine incorporation was observed, consistent with our previous observations (3). Whether dexamethasone induces altered insulin binding, interacts with the insulin effector mechanism distal to the receptor, or indirectly opposes an effect of insulin remains to be elucidated. Further studies of hormone interaction in these cells might provide insight into the mechanisms of altered metabolism in disease states such as glucocorticoid-induced insulin resistance.
In summary, we have shown that a human breast cancer maintained in long-term tissue culture responds to physiologic concentrations of insulin with an increased rate of DNA, RNA, and protein synthesis. The sequence of events in this action appears to be early stimulation of protein and RNA synthesis followed, in several hours, by enhanced DNA synthesis culminating in cell division and growth. The effect does not depend on the availability of glucose and is inhibited by glucocorticoids. It is hoped that further study using this model system will provide additional clues to the mechanisms of hormonal regulation of human breast cancer.
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